Abstract-A time-efficient method is proposed to calculate the near-field time-domain physical-optics (TD-PO) integral to analyze the transient electromagnetic fields scattered from three-dimensional perfectly conducting objects under the illumination of a pulsed plane wave. It is shown that the TD-PO integral can be reduced to a close-form expression by introducing locally expanded Green-function approximations used in conjunction with the surface partitioning. As a result, the near-field TD-PO response to a general pulsed plane wave excitation is derived by a convolution of the excitation waveform with the TD-PO impulse response, which can be performed in a closed form. To satisfy the causality, i.e., the transient field cannot travel away from the sources faster than the speed of light, the high-order derivative of a modulated-Gaussian wave is specified as the excitation waveform. The efficiency and accuracy of the proposed near-field formulas are validated through numerical examples.
INTRODUCTION
The interest in the analysis of transient wave phenomena has been growing primarily due to the many recent advances which are taking place in the development of ultra-wide band (or short pulse) radar and their associated antennas for remote sensing and target identification applications; in addition, there has always been significant interest in the effects of natural and man-made electromagnetic pulse (EMP) on complex radiating systems such as aircraft and spacecraft. It is natural to analyze transient electromagnetic (EM) wave phenomena directly in the time domain (TD). Even though conventional frequency-domain (FD) solution, in conjunction with fast Fourier transform (FFT) can be employed to obtain TD solutions, it is very time consuming since a wide frequency range needs to be considered. There are various numerical TD methods such as finite-difference time-domain (FDTD) or TD integral equation approaches, but these numerical solutions for analyzing transient phenomena become intractable when the pulse width of transient incident field is very narrow compared with the geometrical dimensions of scattering object. Recently, direct use of physical optics (PO) in the time domain has been of interest [1] [2] [3] . The advantages are several. These quasi-analytical solutions can provide closed form solutions which contain physical interpretation of transient wave behavior. Furthermore, they also provide efficient and faster computation, more suitable solutions when pulse width is narrow compared with the geometrical dimensions of scattering object, and feasibility to implement a hybrid solution by combination with various time domain methods such as FDTD [4, 5] .
In the conventional physical optics (PO) method, the fields scattered by a metallic plate S of arbitrary shape have been given by a surface integral. The computation time to evaluate this surface integral by numerical integration increases rapidly with the increase of electrical size of scattering surfaces. Thus, the numerical evaluation of such a surface integral is time-consuming, which becomes the crux of PO technique. Recently, we have reduced this surface integral to a line integral for timedomain far-field calculations. When S is a polygon, the line integral is further reduced to a closed-form expression [6] , which is very similar to the well-known Gordon formula in the evaluation of PO integral in the frequency domain [7] . These closed-form far-field expressions are not dependent on the size of the scattering surface with respect to the wavelength (minimum wavelength of the spectrum for time-domain calculations) [6] [7] [8] . Only functional evaluations are required in these closed-form expressions without quadrature errors, and the evaluation perform more efficient than numerical quadrature techniques [8] , such as Gauss-Legendre Quadrature (GLQ).
One such assumption for these closed-form PO representations, both in time domain and frequency domain, is that the observation point is located at infinity. The most obvious way to evaluate the PO integral in the near-field observation is to rely on quadrature techniques by employing an exact Green function. This provides excellent accuracy, but the computational burden will become significant for electric-large targets. Legault [9] provided an alternative approach relying on a phase approximation of the same order as the one used in the far-field close-form formulas. This approach requires very little increase in computational cost, yields excellent accuracy in the near field, and becomes practically attractive in the evaluation of the frequency-domain near-field PO integral. However, all the previous work on the reduction and evaluation of the near-field PO surface integrals has been considered in the frequency domain. The main point of the this paper is to provide an efficient evaluation of PO integral in time domain when the observer is in the near-field of the scatterer. As a nature extension of our previous work in evaluation of far-filed TD-PO integral [6] , we propose a close-form near-field timedomain expression by introducing locally expanded Green function approximations which is considered by Legault [9] in frequency domain. To the authors' best knowledge, this is the first time that an efficient approach for evaluation of the near-field PO integral is provided in the time domain.
In this paper, the near-field TD-PO response to a general pulsed plane wave excitation is found by a convolution of the excitation waveform with the TD-PO impulse response. The near-field TD-PO impulse response performs in a closed form and behaves as a superposition of rectangular window functions. For solving a true time-domain problem in physics, one has to reply on the (mathematical) uniqueness of the associated initial-value problem. Thus, to satisfy causality (the transient field cannot travel away from the sources faster than the speed of light) [10] , high-order derivative of modulatedGaussian wave is specified as the excitation waveform.
The rest of the paper is organized as follows. The near-field TD-PO integral of interest is derived in Section 2. To this end, a perfect electrically conducting (PEC) object illuminated by a pulsed plane wave is considered. Then, by using locally expanded Green function approximations in time domain, a closed-form formula for the transient scattering electric field observed in the near field is derived. Numerical examples that prove the efficacy of using the proposed approach are presented in Section 3. Conclusions are stated in Section 4.
NEAR-FIELD TD-PO FORMULATIONS AND EQUATIONS
In this section, the derivation of the near-field TD-PO electromagnetic computing formulas is taken in TD directly. The proposed near-field expression will be used to analyze the transient scattering from large PEC objects illuminated by a pulsed plane wave. The incident time domain plane wave of the transient scattering problem is given by
wherek i is the normalized incident-wave vector,ê i the normalized polarization direction of the incident wave, E inc (t) the time-domain incident electric field intensity, and ε(t) the step function. Note that E i (r , t) ≡ 0 for t <k i · r /c, and the time reference t = 0 is selected at r = (0, 0, 0), which allows t < 0 for a negative value ofk i · r /c.
Near-filed TD-PO Surface Integral
Given the geometry of the PEC targets and the transient incident field, beam tracing technique is then used to find the lit region described in terms of triangles. By using the vector-potential solution to
Maxwell's equations for E and H fields and the physical optics approximation, we assume
where J (r , t) denotes the current density in the PO lit region,ĵ = 2n ×k i ×ê i ,n the outward normal unit vector to the lit surface, and η 0 intrinsic impedance of free space. The near-field expression of the time-domain PO integral can be given as [11] 
Reduction of the Surface Integral to a Closed-form Formula
Following the procedure of frequency-domain near-filed method developed in [9] , we write
where r n is an arbitrary expansion center, which is always chosen at the center of a polygonal element. Applying this locally expanded approximation of R, time-domain Green function is approximated as
with the same amplitude and a linear time decay variation on the surface. When S is a metallic plate of N -polygonal shape, the scattering field in (3) can be simplified as
where
Note that the convolution E (m)
inc (t) * δ(t − τ ) has been used to obtain (6) . As a natural application of our previous work in [6] , W (t) in (7) can be written as the following closedform representation:
I µ (t) is the contribution of the μth side of S to W (t) and may be written as
In the above equation, α is the projection of the vector κ =k i −k n on the polygonal surface; α * is a vector obtained by rotating α through an angle of 90 
is the step function; δ (t) is the derivative of the delta function δ(t). The time decay is related to each vertice of the polygon which is given by
Note that |α| in (9) and κ · Δv µ in (10) may not be equal to zero for the most observation directions, and thus W (t) will be written as a superposition of rectangular window functions. For the relevant proofs to hold, the exciting sources always have to start at some instant time in the finite past of the observation and cease at instant another time. Assume that the electric and magnetic fields satisfy causality, the sources are located in a bounded volume, and the sources are zero everywhere for t < t 0 . Then the scattering field E s (r, t) in (3) and (6) are zero everywhere for t < t 0 and t → ∞. As a result, the excitation waveform in (6) must satisfy the follow condition:
In this paper, the high-order (≥ 2) derivative of modulated-Gaussian-impulse plane wave is used because it includes a finite band of time as well as a finite band of frequency, and it has no zero points in their spectrum. Third-order derivative of modulated-Gaussian-impulse is used in Section 3 because it allows that the time-domain convolution in (6) can be taken only by functional evaluations without numerical quadrature.
NUMERICAL EXAMPLES AND DISCUSSIONS
In this section, numerical examples that demonstrate the accuracy of the derived formula and the efficiency achieved are given. The transient results of the derived near-field closed-form expression (nfTDPO), as well as the incident waveform, have been transformed to the frequency domain, and the normalized results (nfTDPO-FFT) are then compared to the normalized results obtained from the nearfield formula proposed by Legault in [9] in frequency-domain (nfFDPO) and the results obtained by using four-point Gauss-Legendre Quadrature (GLQ4) evaluation. It is worth noting that the amplitudes of the incident electric field for nfFDPO and GLQ4 calculations are fixed to be 1 V/m for all frequencies. We also give the comparison of computation time to demonstrate and discuss the advantage of using the proposed near-field closed-form representation for the TD-PO integrals over the numerical (GLQ) evaluation. All scatterers are illuminated by the same pulsed plane wave. The incidence electric field is expressed in (1), and the temporal behavior of the incidence plane wave is given by a third-order derivative of the modulated-Gaussian pulse (see Fig. 1(a) ), which is defined by
where ω = 2πf 0 , and f 0 = 10 GHz, τ = 1.0 ns, t 0 = 0.8 ns for the following examples, and A(t) is the modulated amplitude for TD electric field which is given as
The maximum value of E inc (t) is just the the maximum amplitude of A (t). The first example is a PEC rectangular plate. The plate lies on the x-y plane with edge length a = 0.6 m. The incident angle of the pulsed plane wave is 0 degrees off the normal, and the observation point is at (0, 0, 0.50 m) (see Fig. 1(b) ). The PO lit region is trivially formulated as a union of two triangular surfaces. In order to compute the transient scattering field using nfTDPO and nfFDPO solutions, those two triangular surfaces has to be subdivided into 481 sub-triangles (D n < Rλ min /2) in order to properly evaluate the time-domain or frequency-domain PO integrals. In the GLQ4 solution, they have been modelled by 147968 sub-triangles (see Table 1 ) whose edge lengths measure less than λ min /10 to achieve excellent accuracy. The transient electric-field results obtained by nfTDPO and time-domain GLQ4 (TD-GLQ4) are plotted in Fig. 2(a) , and the wideband nfTDPO-FFT results are plotted in Fig. 2(b) . The FD results are then compared to the frequency-domain ones obtained from the nfFDPO, frequency-domain GLQ4 (FD-GLQ4), as well as the result based on multilevel fast multipole algorithm (MLFMA). As can be seen, the agreement is perfect. The path number and computation times of nfTDPO, nfFDPO and TD-GLQ4 are compared in Table 1 . It is interesting to note that the ratio of the computation time of the proposed method (nfTDPO) to TD-GLQ4 method is about 1 : 3561. The speed of the computation time of nfFDPO is better than nfTDPO because only a few sampled frequencies (101) are needed for these smooth results.
As the second example, the transient results scattering from the PEC rectangular plate at different observation points are investigated. The observation points are located at z-axis with the range from z = 0.05 m to 2.00 m. The transient electric-field results obtained by nfTDPO solutions are plotted in Fig. 3(a) (log 10 |E(z, t) |, specially, the color in blue represents the zero fields). It is interesting to note that the transient results versus the observation distance z have different characteristics. The results show irregular variation at observation points closer to the plate z < 0.8 m and a similar waveform at observation points away from the plate z > 0.8 m, whose envelop decreases with the increase of the observation distance. The frequency-domain results obtained by nfTDPO-FFT and nfFDPO are compared in Fig. 3(b) . The results show an excellent agreement (less than 0.015 dB) over the range of observation distances 0.05 m to 2.0 m and frequency range of 8 to 12 GHz. Since the frequency-domain data are assumed band-limited, the time-domain result is, strictly speaking, of infinite extent. Noting that the incident waveform and the transient results have been truncated in time, aliasing noise can be expected at two edges of the frequency band when performing the Fourier transform to the nfTDPO results. Thus, the accuracy of nfTDPO is little worse at the two edges of X band (see Fig. 3(b) ). The average path number of nfTDPO, nfFDPO and TD-GLQ4 is also given in Table 1 , and the ratio of the computation time of nfTDPO and TD-GLQ4 method is about 1 : 528 in this example.
Finally, the near-field scattering from a complex object, a missile model (see Fig. 4(a) ), is analyzed. The missile is illuminated by a plane wave whose propagation directionk i = −x, and whose electric field vector has only y component. The PO lit region is shown in Fig. 4(b) . The transient electric field versus the light distance ct obtained by nfTDPO is plotted in Fig. 5(a) . Considering the distance from the observation point to the different parts of the lit region, it is found that the earlier response in Fig. 5(a) is the transient scattering from the head of the missile (Part A in Fig. 4(b) ), and the later response is the transient scattering from the tail of this missile (Part B in Fig. 4(b) ). It is worth noting that there is no significant scattering from the remaining surfaces of this missile (such as the horizontal wings etc., Part C in Fig. 4(b) ). It is because these surfaces are substantially parallel to the incident direction, and the observation point is very close to their tangent plane. There is also no significant scattering from the whole body of this missile for x or z polarization (maximum value is about 10 27 V/m) compared with y-polarized result (maximum value is about 10 31 V/m. see Fig. 5(a) ). It is because these results are obtained by physical optics without considering the contribution diffracted from the edges of the surface (such as physical diffraction theorem). The wideband FD result obtained by nfTDPO-FFT is also compared to the nfFDPO result. As can be seen, the aliasing noise becomes significant for the scattering problem of complex targets. The computation times of nfTDPO, nfFDPO and TD-GLQ4 method are then given in Table 1 . As we can see, the speed of the computation time of nfTDPO is better than nfFDPO in this example because more sampled frequencies (4001) are needed for these high oscillation results.
CONCLUSIONS
In this paper, a time-efficient method to calculate the near-field time-domain physical-optics integral is developed for analysis of transient fields scattering from 3D PEC targets illuminated by a pulsed plane wave. We reduce the TD-PO surface integral to a close-form representation by introducing locally expanded time-domain Green function approximations. Only functional evaluations are required in these closed-form expressions without quadrature errors, and the evaluation performs more efficiently than numerical quadrature techniques. However, since the number of spatial sampling points for the proposed formulas is sensitive to the distance between the observation points and the PO lit region, the evaluation of these closed-form expressions has no advantage compared with the numerical quadrature techniques, when the observation points are very close to the targets. To satisfy causality (the transient field cannot travel away from the sources faster than the speed of light), we give the time-domain condition of excitation wave. Numerical examples that prove the accuracy of the proposed closed-form expressions and that demonstrate the efficacy of employing these formulas have been presented. In future work, we will apply the present formula to the time-domain shooting and bouncing ray methods to analyze more complicated near-field transient scattering problem.
